Hedgehog signalling
1.
Introduction: Muscle function and fibre type Skeletal muscle is a major component of vertebrate anatomy, making up around 50% of the body mass of a human and around 80% of that of a fish. As well as its obvious importance in locomotion, it fulfils an equally fundamental role in metabolic homeostasis, acting both as a store and generator of energy. Vertebrate skeletal muscle is composed of distinct types of fibre that are functionally adapted through differences in their physiological and metabolic properties (Schiaffino and Reggiani, 2011) . Type I or slow-twitch fibres, so-called because they have a lower contraction velocity, are rich in mitochondria and therefore more efficient at using oxygen to generate ATP, resulting in a higher endurance level. Type II, fast-twitch fibres, by contrast, are better adapted to generating short bursts of strength or speed, but fatigue more rapidly due to their high contraction velocity.
Fibre type proportions vary between animals, underpinning the behavioural characteristics of both the species and the individual. Most fish, for example, have a higher proportion of fast-twitch muscle that allow them to dart away quickly from predators, whereas terrestrial herbivores, such as cows, have a large proportion of slow-twitch muscle, facilitating the sustained load bearing necessitated by their grazing life-style. Significant fibre type variation also occurs within species, reflecting adaptation to different environments and/or activities. In humans, for instance, variation in the proportion of slow-twitch muscle fibres underlies differences in athletic prowess; marathon runners have significantly more slow-twitch fibres than sprinters, allowing them to run for long distances without experiencing overwhelming muscle fatigue (Costill et al., 1976; Gollnick et al., 1972) .
Fibre type composition remains quite plastic throughout the lifetime of an individual, responding to the effects of neural stimulation, mechanical loading, exercise and disease. Forcing fish to swim against a water current, for instance, results in a series of changes such as an increase in the number and size of slow muscle fibres (for review see (Davison, 1997) ). Studies in mammals have shown that such plasticitiy is modulated in part by changes in intracellular calcium levels induced by neural activity, which in turn activate signalling pathways that control the fibre-type specific patterns of gene expression (for review see (Bassel-Duby and Olson, 2006) ). Various transcription factors have been implicated in this process including Nuclear Factor of Activated T cells (NFAT), Peroxisome proliferator-activated receptor g co-activator 1a (Pgc-1a) and Estrogen-Related Receptor gamma (ERRg), each of which can effect a fast-twich to slow-twitch transformation when overexpressed (Lin et al., 2002; McCullagh et al., 2004; Narkar et al., 2011) .
An understanding of the molecular basis of fibre-type specification is of more than purely acdemic interest; fibretype composition can influence the susceptibility to metabolic disease (Bassel-Duby and Olson, 2006) , while in certain muscle wasting diseases such as Duchenne's muscular dystrophy (DMD) and sarcopenia (age-related muscle wasting), fast-twitch fibres are preferentially affected (Lee et al., 2006; Webster et al., 1988) .
During embryonic development, muscle progenitors can acquire particular fibre type identities independently of neuronal activity (Butler et al., 1982) implying that the developmental programming of fibre-type may be controlled by pathways distinct from those mediating their physiological adaptation. Over the past fifteen years, analyses in the zebrafish have identified some of the signalling pathways and transcription factors that control the specification of muscle fibre type in the developing embryo. Here we review the current state of understanding of this process, highlighting some similarities and differences between myogenesis in teleosts and amniotes as well between the developmental and physiological control of fibre type identity.
2.
Function and ontogeny of fibre types in the zebrafish embryo
The zebrafish provides an attractive model for investigating fibre type specification; not only are their rapidly developing embryos optically transparent, but in contrast to amniotes, the embryonic myotome shows a discrete temporal and spatial separation of fibre type ontogeny that simplifies its analysis (Devoto et al., 1996; van Raamsdonk et al., 1982) . Furthermore the contribution of the somite to the sclerotome is small, the majority of each somite differentiating into muscle, thus allowing easy visualisation of fibres unencumbered by skeletal elements. Most of the muscle fibres in each somite are multinucleated and of the fast-twitch variety but each muscle block is covered on its outer surface by a subcutaneous layer of mononucleated slow-twitch fibres, the so-called Superficial Slow Fibres (SSFs) (Fig. 1a) . It is these slow-twitch fibres that undergo the first spontaneous contraction seen in the embryo as early as 17 h post fertilisation (hpf), and that by 21 hpf mediate the stereotypic coiling behaviour of the embryo in response to touch (Fig. 1b and c) (Hirata et al., 2012; Pietri et al., 2009; Saint-Amant and Drapeau, 1998 . The fast-twitch fibres, by contrast, only become functional some hours later, propelling the newly hatched larva forward and mediating its characteristic darting behaviour (Naganawa and Hirata, 2011) .
The development of skeletal muscle in the zebrafish begins, as in other vertebrates, with the commitment of mesodermal cells to the muscle lineage through activation of expression of the Myogenic Regulatory Factors (MRFs), members of the basic helix loop helix family of transcription factors (Blagden et al., 1997; Coutelle et al., 2001; Weinberg et al., 1996) . The first MRF genes to be transcribed are myoD and myf5 (Coutelle et al., 2001; Hammond et al., 2007; Weinberg et al., 1996) . Loss of function of either myoD or myf5 alone has no major effect on myogenesis in the trunk and tail of the embryo, though myoD mutants do lack some head muscles (Hinits et al., 2011) ; however simultaneous loss of both genes abolishes muscle differentiation, indicating significant functional overlap between the two factors (Hammond et al., 2007) .
In contrast to higher vertebrates, myogenesis in zebrafish initiates prior to somite formation in a subpopulation of the presomitic mesoderm located immediately adjacent to the notochord, the so-called adaxial cells. Reflecting this, expression of myoD begins prior to somite formation in the adaxial cells (Fig. 2a) , revealing their commitment to the myogenic fate (Coutelle et al., 2001; Weinberg et al., 1996) . The majority of these cells elongate and migrate radially to form the superficial slow fibres (SSF) (Fig. 2b and d ) that uniquely express the transcription factor prox1 (Glasgow and Tomarev, 1998) . A second wave of myoD expression subsequently occurs in the posterior half of each newly formed somite (Fig. 2a) lateral to the adaxial cells . These cells give rise to the more medially located fast-twitch fibres (Stellabotte et al., 2007 ) that begin to differentiate in the wake of the migrating adaxial cells (Henry and Amacher, 2004) (Fig. 2d) . Additional laterally located fast-twitch fibres derive from the Pax3/7 expressing dermomytomal cells (Stellabotte et al., 2007) . The fast muscle progenitors mature and fuse with each other to form a multinucleated array of syncytial fibres (Roy et al., 2001) (Fig. 2c) . By 24 hpf, clear, chevron-shaped blocks of muscle are visible in the embryo.
3.
The switch between slow and fast-twitch fibre differentiation is controlled by Hedgehog signalling Secreted signals emanating from the midline are critical regulators of muscle fibre identity in the developing zebrafish embryo. Three hedgehog (hh) family genes are expressed in axial midline structures.The sonic hedgehog-a (shh-a) gene is expressed in both the notochord and floorplate of the neural tube (Krauss et al., 1993) , whereas indian hedgehog-b (ihh-b; formerly echidna hedgehog, ehh) and shh-b (formerly tiggy-winkle hh, twhh) are expressed in the notochord and floor-plate respectively (Currie and Ingham, 1996; Ekker et al., 1995) . Several lines of evidence have established that Hh signalling is required for the commitment of muscle precursors to the slow muscle fate (Baxendale et al., 2004; Barresi et al., 200; Blagden et al., 1997; Du et al., 1997; Hirsinger et al., 2004; Lewis et al., 1999; Roy et al., 2001 ). Specifically, mutations in genes encoding components of the Hh pathway, including Shh itself as well as essential transducers/effectors of the pathway such as Smoothened (smo), Scube2 (you) Dispatched-1 (con) and Gli2a (yot), cause a dramatic reduction of slow muscle fibres, as assessed by slow myosin heavy chain 1 (smyhc1) and prox1 expression (Barresi et al., 2000; Hollway et al., 2006; Karlstrom et al., 1999; Kawakami et al., 2005; Lewis et al., 1999; Nakano et al., 2004; Schauerte et al., 1998; van Eeden et al., 1996; Woods and Talbot, 2005) . Conversely, ectopic pathway activation, caused by mutation of the genes encoding the Hh receptors Ptch1 and Ptch2 (Koudijs et al., 2008 (Koudijs et al., , 2005 or by injection of mRNA encoding either shh-a ihh-b, or a dominant negative mutant form of the Protein Kinase A regulatory subunit (dnPKA) is sufficient to induce most muscle precursors to form slow muscle at the expense of fast muscle (Blagden et al., 1997; Du et al., 1997; Kim et al., 2010 ).
4.
A transcriptional regulatory network controls fibre type differentiation
In embryos homozygous for the ubo (Baxendale et al., 2004) and nrd (Hernandez-Lagunas et al., 2005 ) mutant alleles of the prdm1a gene, adaxial cells are transformed from slow-to fasttwitch identity (Roy et al., 2001; von Hofsten et al., 2008) . Transcription of prdm1a is activated exclusively in the adaxial cells in response to Hh and its forced expression if sufficient to rescue slow muscle specification in mutants with compromised Hh signalling. Thus prdm1a acts as a Hh-activated switch that selects the slow fibre type differentiation pathway specifically in adaxial cells (Baxendale et al., 2004) .
The prdm1a gene encodes a transcription factor with a zinc finger DNA binding domain and a SET domain (Keller and Maniatis, 1991; Turner et al., 1994) Its mammalian orthologue, Prdm1, acts as a key regulator of various non-muscle cell types, in most cases functioning in conjunction with corepressors such as histone deacetylases, histone methyltransferase enzymes and Groucho family proteins to repress target gene transcription (reviewed by John and Garrett-Sinha (2009) ). This negative regulatory role seems to be conserved in zebrafish muscle, since forced expression of a Prdm1a-EngR fusion is sufficient to rescue slow-twitch fibre differentiation in ubo mutants (von Hofsten et al., 2008) . Genome wide screens for Prdm1a targets by ChIP-on-chip analysis revealed an enrichment of regulatory sequences associated with fastspecific muscle genes, mylz2, fast MyHCx, tnnt3a and tnni2 in anti-Prdm1a-precipitated chromatin (von Hofsten et al., 2008) , confirming that Prdm1a promotes the slow-twitch differentiation programme by direct repression of fast-twitch lineage genes (Fig. 3) . By contrast, slow-specific genes, such as smyhc1, slow troponin c (tnnc1b) and prox1 were not found amongst the direct targets of Prdm1a, raising the question as to how their expression is activated in slow fibres in a Prdm1a-dependent manner. The simplest hypothesis is that Prdm1a acts to repress a repressor of slow-twitch lineage genes specifically in adaxial cells; the transcriptional repressor Sox6 was identified as a possible candidate for such a slow-specific transcriptional repressor (von Hofsten et al., 2008) (Fig. 3) .
Sox6 was originally implicated in muscle fibre-type specification in the mouse (Hagiwara et al., 2000 (Hagiwara et al., , 2005 (Hagiwara et al., , 2007 targeted mutation of the sox6 gene showed a significant increase in the expression of slow-specific genes as well as a significant decrease in the expression of fast-specific genes compared to wild-type littermates (Hagiwara et al., 2005) . These results suggested that the loss of sox6 expression could relieve the transcriptional repression of slow-specific genes in foetal muscle. In zebrafish, transcription of sox6 is activated specifically at the 10-somite stage in response to MyoD and Myf5 activity and is initially restricted to the fast-twitch progenitors. In prdm1a mutant embryos, by contrast, it is expressed in adaxial cells from the onset of myogenesis (von Hofsten et al., 2008) , consistent with the notion that its repression by Prdm1a facilitates the activation of slow-lineage specific genes by MRFs in these cells. In line with this, forced expression of sox6 in adaxial cells inhibits prox1 expression whereas knockdown of its activity by morpholino mediated antisense oligonucleotides in prdm1a mutants results in a partial rescue of prox1 and complete rescue of smyhc1 expression (von Hofsten et al., 2008) .
These data support a simple model whereby Prdm1a acts to repress fast-specific genes and promote slow-specific gene expression by repressing sox6 which in turn acts to repress slow-specific genes (Fig. 3 ). Against this, however, the loss of Sox6 does not result in ectopic expression of all slow muscle genes in the fast muscle; thus while robust ectopic expression of the slow-twitch specific tnnc1b gene occurs in fast muscle fibres following morpholino mediated Sox6 knockdown, expression of the smyhc1 gene remains restricted to the slow-twitch fibres (von Hofsten et al., 2008) .
The fact that the sox6 gene has been duplicated in most teleost genomes sequenced to date (Alfaqih et al., 2009; Cui et al., 2011; Koopman et al., 2004) could provide an explanation for the partial de-repression of the slow-twitch pathway seen in zebrafish sox6 morphant embryos. Notably, however, the zebrafish genome seems to be exceptional in lacking a duplicated sox6 (http://www.ensembl.org/index.html Zebrafish Zv9 assembly), leaving open the possibility that a distinct repressor is involved in restricting the expression of the smyhc1 and other slow-specific genes to the adaxial cells.
5.
Post transcriptional regulation maintains fibre-type identity Another conundrum, posed by the transient nature of Prdm1a expression in adaxial cells, is how the repression of Sox6 activity is maintained in slow-twitch progenitors once Prdm1a expression has been extinguished. One explanation, given its capacity to direct histone methylation (Ancelin et al., 2006) , could be that Prdm1a is able to cause the transcriptional shutdown of sox6 through chromatin modifications. It is however, unclear whether sox6 is a direct target of Prdm1a; no enrichment of Sox6 regulatory sequences by Prdm1a ChIP has been reported and mutation of potential Prdm1 binding sites in the cis-acting regulatory elements of sox6 had no effect on reporter gene expression . In any case, the slow-specific repression of sox6 transcription is lost by early larval stages, arguing against this model. Notably however, the accumulation of Sox6 protein remains restricted to the fast-twitch fibres suggesting that repression is maintained at the post-transcriptional level . MicroRNAs inhibit translation by binding to the 3 0 UTR of a gene and the endogenous sox6 3 0 UTR is sufficient to restrict translation of an EGFP reporter to the fast fibres in larval fish . The sox6 3 0 UTR contains consensus recognition sites for the SEED sequence of miR-499, which is encoded in the intron of the slow specific gene slow myosin heavy chain b (Myhc7b). When these sites are mutated in 3 0 UTR of the sox6:EGFP reporter gene, ectopic EGFP expression appears in the slow-twitch fibres. Moreover, driving expression of miR-499 in fast-twitch fibres results in loss of Sox6 protein, revealing that miR-499 is both necessary and sufficient to repress translation of sox6 . Taken together, these findings suggest a Shh-activated gene regulatory network underpinning the establishment of the slow-twitch lineage, at least in part by Prdm1a-mediated transcriptional repression of sox6, a repressor of a sub-set of slow-twitch specific genes. Once activated, this network is maintained by translational repression of sox6 by miR-499, expression of whose host gene, myhc7b, is itself negatively regulated by Sox6, establishing a two-way feedback loop (see Fig. 4 ). The implication of the indirect repression of sox6 by Prdm1a and the inability of the loss of sox6 to cause ectopic expression of all slow-twitch fibre specific genes indicates that other key components of this network remain to be discovered.
6.
Adaxial cell migration
Shortly after their commitment to the slow-twitch lineage, most adaxial cells begin to traverse the myotome before differentiating into a subcutaneous layer of slow-twitch fibres (Devoto et al., 1996) . Relatively little is known about the control of this migration or whether it is directed by a secreted signalling molecule or is contact dependent. Cortes et al., (2003) mediators of adaxial cell migration. Waves of expression of the genes encoding these proteins pass through the myotome as the adaxial cells migrate, with high-level expression of both, uniquely defining the migrating cells. According to Cortes et al. (2003) it is the homophilic interaction between neighbouring cells promoted by both proteins that drives migration. Consistent with this view, expression of M-cadherin is down-regulated specifically in the non-migratory MPs while loss of either cadherin or overexpression of N-cadherin disrupts adaxial cell migration. In prdm1a mutant embryos, most adaxial cells fail to complete their migration (Baxendale et al., 2004; Roy et al., 2001; von Hofsten et al., 2008) and genetic mosaic analysis suggests that Prdm1a acts cell-autonomously to drive adaxial cell migration (Roy et al., 2001) . Although Cortes and colleagues noted increased repression of M-cadherin close to the midline in prdm1a mutants, its expression in the majority of the adaxial cell population appeared unaffected (Cortes et al., 2003) . It follows that the spatially regulated expression of cadherins alone is not sufficient to drive migration and that other, as yet unidentified factors under the control of Prdm1a, play a crucial role in this process.
7.
Fast muscle specification
The majority of the zebrafish myotome is composed of multinucleated fast-twitch muscle fibres that are generated by myoblast fusion (Fig. 2c) . Individual myoblasts become committed to the fast-twitch lineage later than their slowtwitch counterparts and their differentiation begins only after adaxial cells have migrated past them. The delayed commitment of cells to the fast lineage is reflected in the later, Shh-independent, activation of myoD expression in the characteristic ''wings'' in each somite from which the more medially located fast-twitch fibres are derived. The majority of this myoD expression is dependent on FGF signalling; loss of FGF activity causes a reduction of the myoD domains in each somite and a concomitant depletion of fast-twitch muscle fibres (Groves et al., 2005; Reifers et al., 1998) . Only the most medially located myoblasts retain myoD expression in the absence of FGF activity; however, this expression is lost in mutant embryos lacking midline structures, suggesting their dependence on an unidentified midline-derived signal (Groves et al., 2005) . Fast-twitch fibres also arise from the dermomyotome, which originates from the most anterior cells in each somite and comes to overlie the developing myotome (Hollway et al., 2007; Stellabotte et al., 2007) . Cells of the dermomyotome characteristically express the transcription factors Pax3 and Pax7, the down-regulation of which presages their differentiation into muscle fibres. Notably, this down-regulation is dependent upon Hh signalling, which thus promotes fast-twitch as well as slow-twitch muscle differentiation (Feng et al., 2006; Hammond et al., 2007) .
The homeodomain transcription factor Six1 has been implicated in the specification of fast muscle fibres in both mice and fish (Bessarab et al., 2008; Grifone et al., 2004; Niro et al., 2010) . Expression of the MRF, myogenin (myog), follows the expression of myod in both fast and slow muscle precursors . In six1a morphants early myog expression is lost exclusively from fast muscle precursors with a concomitant reduction in expression of fast muscle genes; however the expression of both myog and fast muscle genes is restored at later stages (Bessarab et al., 2008) . This indicates that although six1a is important in controlling the onset of fast muscle differentiation, other factors are also needed for the regulation of myog in fast precursors.
Members of the Pbx family of homeodomain proteins, appear to modulate the broad range of MyoD targets, directing cells to a fast-twitch fate (Maves et al., 2007) . Although Pbx proteins are expressed in both the presumptive slow and fast muscle, knockdown of Pbx2 and Pbx4 expression results in down-regulation of fast specific genes leaving slow-twitch genes unaffected. More specifically it is only the lateral fast fibres that are affected. How Pbx proteins facilitate the activation of a specific subset of genes by MyoD remains unknown; one possibility is that they interact with Six proteins to regulate this network of genes.
Although fast-twitch fibre differentiation is temporally associated with adaxial cell migration, whether there is a causal relationship between these two processes is less clear. Certainly, fast-twitch muscle fibres can differentiate in the absence of slow-twitch fibres, as illustrated by mutants lacking Hh pathway activity. However, Henry and Amacher (2004) reported that elimination of adaxial cell migration delays fast-twitch fibre elongation, while Peterson and Henry (2010) demonstrated that slow-twitch fibres promote the elongation process in a laminin dependent manner. Conversely, other studies have suggested that some level of fast fibres differentiation is necessary to permit migration of adaxial cells. For example in fgf8 mutants, adaxial cells migrate past the Fgf8 independent fast fibres but are unable to traverse the cells that remain undifferentiated in the lateral part of the somite (Groves et al., 2005) . Further elucidation of both slow muscle migration and fast-fibre differentiation are needed to fully understand this complex series of events.
Myoblast fusion
Whereas slow-twitch progenitors are fusion incompetent and differentiate into mononucleated fibres, fast-twitch myoblasts fuse with one another to form an array of multinucleated fibres (Devoto et al., 1996; Roy et al., 2001 ). Myoblast fusion is best understood in Drosophila where the Ig-domain transmembrane protein Dumfounded, is essential for fusion of muscle founder cells to other myoblasts (Ruiz-Gomez et al., 2000) Morpholino mediated knockdown of its zebrafish orthologue, kirrel3l, has revealed this function to be conserved in zebrafish (Srinivas et al., 2007) . The intracellular components of the myoblast fusion pathway also appear to be conserved between flies and fish. Morpholino mediated knockdown of dedicator of cytokinesis 1 or DOCK1, the vertebrate orthologue of Drosophila myoblast city (Erickson et al., 1997) and a closely related gene, DOCK5, results in the differentiation of elongated, mononucleated, fast-twitch fibres (Moore et al., 2007) . Knock-down of the adaptor proteins Crk and Crk-like Crkl, which are known to interact physically with DOCK proteins, also blocks myoblast fusion in the zebrafish, whilst their overexpression results in an enhancement in fu-sion (Moore et al., 2007) . A similar effect can also be elicited by expression of a constitutively active form of the GTPase, Rac, the most downstream component of the fusion signal (Srinivas et al., 2007) . This hyperfusion is dependent on Kirrel3l, as constitutively active Rac in kirrel3l morphants is unable to cause an increase in fusion (Srinivas et al., 2007) . The dependence of the effects of Crk and Crkl on the upstream receptors has not been analysed. The Casein kinase 2 interacting protein-1 (CKIP-1) has also been implicated in zebrafish muscle fusion (Baas et al., 2012) .
In contrast to the ubiquitous expression of the intracellular components, kirrel3l is expressed exclusively in fasttwitch progenitors: such spatially restricted expression is consistent with the failure of slow-twitch myoblasts to undergo fusion and suggests a mechanism whereby Prdm1a might regulate this process. Surprisingly, however, kirrel3l remains repressed in adaxial cells in prdm1a mutants (Powell and Wright, 2011) , indicating that its function is not required for their aberrant fusion and implying that other genes under Prdm1a control must be sufficient to promote fusion. A good candidate is the jamc gene, which encodes the junctional adhesion molecule JamC that together with its interacting partner, JamB, is essential for myoblast fusion. Like kirrel3l, both jamb and jamc genes are specifically expressed in fasttwitch myoblasts, but in contrast to kirrel3l, transcription of jamc is repressed in adaxial cells by Prdm1a (Powell and Wright, 2011) . This implies that suppression of slow myoblast fusion by Prdm1a is achieved by its repression of jamc expression. Mis-expression of jamc in adaxial cells, however, is not sufficient drive their fusion in wild-type embryos (Powell and Wright, 2011) , implying that additional genes repressed by Prdm1a may are also required for myoblast fusion.
9.
Diversity of fibres within the slow and fasttwitch lineages Distinct sub-types of fibre can be distinguished in both the slow and fast lineage, on the basis of their medial location as well as their expression of the Engrailed (Eng) family of homeodomain transcription factors (Fig. 5a) (Roy et al., 2001) . Within the slow-twitch lineage, the Eng-expressing Muscle Pioneers (MPs) (Hatta et al., 1991) are the first fibres to differentiate. During somite maturation, the MPs elongate to span the entire width of the somite, separating the dorsal and ventral domains of the myotome by forming the horizontal myoseptum. The MPs also provide instructive cues for migrating motor neurons (Melancon et al., 1997) and thus play a critical role in the development of the locomotory system. Consistent with their adaxial origin, MPs, like SSFs, are completely absent from embryos that lack Hh pathway activity (Lewis et al., 1999; van Eeden et al., 1996) ; however, mutant embryos that have reduced Hh pathway activity, lack MPs whilst retaining SSFs (Lewis et al., 1999 ). This implies that the level of Hh activity to which an adaxial cell is exposed determines whether it follows the SSF or MP differentiation pathway and consistent with this, high level ectopic activation of the Hh pathway drives differentiation of myoblasts into MPs at the expense of SSFs (Currie and Ingham, 1996 ; Wolff et al., 2003) . This poses the question as to how adaxial cells come to be exposed to differing levels of Hh activity. Transient inhibition of the Hh pathway using cyclopamine showed that MP induction requires a longer exposure to Hh activity than is sufficient for SSF induction (Hirsinger et al., 2004) , while cell labelling experiments have shown that MPs arise from the most medially located adaxial cells (NguyenChi et al., 2012) , which might be expected to receive the highest levels of midline derived Hh activity. The response of myoblasts to Hh signalling can be attenuated by the experimental manipulation of BMP activity (Du et al., 1997; Kawakami et al., 2005; Maurya et al., 2011) suggesting that these two signals may act in concert to specify different cell types. In line with this, high levels of phosphorylated Smad proteins accumulate in the nuclei of most adaxial cells but are excluded from the nuclei of MPs, implying that BMP signalling may play an inhibitory role in MP specification (Dolez et al., 2011; Maurya et al., 2011) . Consistent with this ChIP analysis indicates that both Gli proteins and pSmads can bind directly to the eng2a promoter (Maurya et al., 2011) , though no consensus Gli binding site has been found in the region. The nuclear accumulation of pSmad depends upon BMP signalling emanating from the dorsal and ventral edges of the embryos (Kawakami et al., 2005; Nguyen-Chi et al., 2012) . The role of the extracellular matrix in this process has been highlighted by the finding that MPs fail to differentiate in embryos mutant for the gene encoding lamininC1 (LamC1), but can be rescued by morpholino knock down of BMP expression (Dolez et al., 2011) . This suggests that LamC1 acts to shape the distribution of BMP protein, preventing high levels reaching cells at the midline. This interaction between BMPs and LamC1 appears to be mediated via heparin sulphate proteoglycans as their inhibition in wild type embryos leads both to the ectopic activation of BMP target genes and to the inhibition of eng expression (Dolez et al., 2011) . Remarkably, the nuclear accumulation of pSmad is dependent not only upon BMP activity but also on Hh signalling; in embryos in which the Hh pathway is constitutively activated, the nuclear accumulation of pSmad is significantly attenuated. Various lines of evidence suggest that this regulation occurs downstream of the BMP receptor (Maurya et al., 2011) , though exactly how it is meditated remains to be determined.
Cell tracing experiments have indicated that only the most anterior member of the medial row of adaxial cells is destined to differentiate into an MP (Nguyen-Chi et al., 2012) , implying that an additional signal is required to single out this cell. Notably, overexpression of the FGF inhibitor sprouty4 causes an increase in the number of MPs whereas expression of a dominant negative form of sprouty4 results in their loss (Nguyen-Chi et al., 2012) . This has led to the proposal that FGF signalling acts to suppress MP identity, its inhibition by sprouty4 restricting MP specification to the anterior cell of the medial row. It should be noted, however, that previous studies have found that MPs are either unaffected (Groves et al., 2005) or diminished in number (Reifers et al., 1998) in the absence of FGF signalling. Further analysis is needed to clarify the respective contributions of Hh, BMP and FGF to MP specification.
As in the slow lineage, two distinct populations can be identified on the basis of Eng expression in the fast-twitch linage. Fast-twitch fibres closest to the notochord, the socalled Medial Fast Fibres (MFFs), express Eng proteins ( Fig. 5b and c) and like the MPs their specification depends upon Hh activity (Wolff et al., 2003) . As adaxial cells migrate laterally, fast-twitch progenitors are displaced toward the midline (Cortes et al., 2003) bringing them within range of high levels of Hh ligands (Fig. 5d) , to which they respond as evidenced by the up-regulation of the Hh target gene ptch2 (Concordet et al., 1996) . Like the adaxial cells before them, the majority of these fast-twitch progenitors also respond to BMP signalling by accumulating high levels of pSmad in their nuclei; however, the most medially located lack such pSmad accumulation and it is these cells that activate Eng transcription (Maurya et al., 2011) . Thus, as for the MPs, the activation of Eng in MFFs depends upon the antagonistic effect of Hh on BMP activity. Notably however, these fast-twitch progenitors do not activate Prdm1a in response to Hh signalling, suggesting a temporally-dependent change in competence occurs that irreversibly commits cells to the fast lineage fate.
10.
What can fish tell us about fibre type specification in amniotes?
As we have described in the preceding sections, a fairly detailed understanding of the gene regulatory networks underlying fibre type specification in the zebrafish is now emerging. But what can this tell us about the process in other species, especially ourselves? And how does it relate to the mechanisms underlying fibre type plasticity in adult organisms?
The prdm1 gene is highly conserved across the vertebrates and prdm1 is expressed dynamically during mouse embryogenesis in a number of locations including the myotome (Chang et al., 2002) . Moreover, as in zebrafish the myotomal expression of prdm1 is dependent on Hh signalling (Vincent et al., 2012 ). Yet tissue specific knock-down of prdm1 has no detectable effect on the early formation of the myotome, with the onset of smyhc expression unaffected in mutant embryos (Vincent et al., 2012) . The role, if any, of Prdm1 in mouse myogenesis thus remains obscure. Similarly Prdm1 expression is not restricted to fast or slow muscle cells in cultured avian somite-derived cells (Beermann et al., 2010) . The picture is further complicated by the finding that in the avian embryo prdm1 is expressed at both early stages of myogenesis and in terminally differentiated muscle cells, a pattern that contrasts with the highly transient expression of the gene in zebrafish. Moreover, in chick, Prdm1 function appears to be required for the expression of both slow and fast MyHC isoforms (Beermann et al., 2010) in contrast to its role as a master repressor of fast-specific gene expression in the zebrafish. These results suggest that the role of Prdm1 has diverged in the course of vertebrate evolution. It is notable that even in the zebrafish, Prdm1a activity is not absolutely required for all slow fibre specification. A small population of slow-twitch fibres, distinguished by their expression of the smyhc2 gene, have been show to differentiate in the absence of Prdm1a function . On the other hand, secondary slowtwitch fibres that are specified independently of Hh signal-ling (Barresi et al., 2001) , require Prdm1a for their differentiation . Clearly there are more ways of making a slow fibre than via the Hh-Prdm1a network described above.
The role of Sox6 in myogenesis, by contrast, does appear to be conserved, at least partially, between zebrafish and mammals. Indeed, a requirement for Sox6 in fibre type specification was originally revealed by the analysis of sox6 mutant mice, which exhibit an increased in slow-twitch fibres and a concomitant decrease in fast-twitch fibres at foetal stages (Hagiwara et al., 2005 (Hagiwara et al., , 2007 . In line with this, but in contrast to the situation in the fish, expression of the slow myosin heavy chain isoform is up-regulated in mutant foetal fibre specific genes in mice (Hagiwara et al., 2005 (Hagiwara et al., , 2007 . Similarly, in adult muscle, loss of Sox6 causes the de-repression of slow-twitch specific genes and a concomitant loss of expression of fast-twitch specific genes (Quiat et al., 2011) . Again, as in the mutant foetal muscle and in contrast to the zebrafish morphant, this includes the slow isoform of myosin heavy chain. The basis for this interspecies difference in target specificity awaits further analysis. Another similarity between mammals and fish is found in the regulation of sox6 expression by microRNAs. As in zebrafish, miR499 encoded by myh7b targets the sox6 transcript in adult muscle fibres in the mouse; however, in contrast to the situation in zebrafish, where this leads to the inhibition of translation, in mouse miR499 appears to promote the degradation of the Sox6 transcript (McCarthy et al., 2009; van Rooij et al., 2009 ). The spatially regulated expression of Sox6 thus not only underlies the initial specification of fibre types in the mouse as well as the fish embryo, but also the maintenance of fibre type identity in the adult mouse (Quiat et al., 2011) . This provides the first evidence of a transcription factor acting in both the developmental and physiological programmes of fibre type specification and suggests that zebrafish can provide a useful model for this important aspect of mammalian muscle biology.
